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Laboertory, WECOM, to determine the hardness of several refractory
metals and alloys at temperatures from 70OF to 2000*F. Micronardness
tests were made in vacuum under controlled conditions to jpovide com-
parable screening data for predicting the strengths of these materials
in high-temperature applications such as gun barrel liners. Materials
tested included tungsten, molybdenum, columbiue, tantalum, columblum-
base alloys, and tantalum-base alloys. Chromium plate and Cr-Ho-V
steel, currently used in gun barrels, were also tested for comparison.
Several of the refractory alloys retained most of their room-temperatur
hardness up to 18000F or 2000F. Some were harder at these temperatur
than at 1000F. Chromium plate was harder than any of the refractory
metals and alloys up to about 1100*F, but oas softer than most at
S150*F and above. Cr-Ho-V steel was softer at 18000F than any of the
other materials tested. The three alloys showing the highest hardness
values at 1800*F and above were: (a) Su-16, a columblum-base alloy;
(b) Ta-lll a tantalum-base alloy; and (c) Ta-222, a tantalum-base
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OBJECTIVE

The objective of this investigation was 'o provide com-
SYparative hot hardness ddta for a number of refractory metals

and alloys to assist in the selection of materials for use
in gun barrels for automatic weapons.

BACKGROUND

The trend in newer weapon designs is toward higher
cyclic firing rates, lighter weight, and high performance
under sustained firing. These requirements produce conditions
that exceed the high temperature resistant capabilities of
the conventional steels used for weapon construction. To
obtain heat resistance and strength at higher temperatures
requires consideration of refractory metals such as molyb-
denum, columbium, tantalum and tungsten, and their alloys.

Data on the refractory metals are incomplete with re-
- grd to properties such as hardness at hiýN p

This work was undertaken to provide preliminary data that
wou'd have a common comparison basis and would provide an
initial a -fund for selection of metals thvt appear promising
for further exploration as weapon materials for such applt-
cations as machine gun barrels.

APPROACH

All refractory metals and alloys selected and obtain',i

. wpre all commercially available materials. For comparison,

specimens were also obtained of chromium plate (over chromium-
wlolybdenum-vanadium steel) and of a chrosium-molybdenum-
vanadium steel gun barrel section. The *aterials compared
are listed below:

1 Chromium. (as plated on gun barrel steel)

Z. Tungsten

3. Tantalum 9% tungsten, 2.50 hafniura, 0 01% carbon
(Ta-222'

4. Tantalum. 9.6% tungsten, 2.4% h3fnium, 0.01%

carbon (Ta-lIi)

5. Molybdenum.

\W
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6. Columblum. 11% tungsten, 3% molybdenum, 2%
-hafnium, 0.08 carbon (Su-16)

7. Columbium. 33% tantalum, 1% zirconium, annealed
Ito Rockwell A39 hardness.

8. Columblum. 33% tantalum, 1% zirconium. annealed
to Rockwell A46 hardness.

. 9. Columbium. 10% tungsten, 10% tantalum.

10. Tantalum.

1 I. Col umbium.

; /i_!•!. 12. Chromium-Molybdenum-Vanadium steel (per cent)

Carbon, 0,41-0.49

Manganese, 0.60-0.9U

P.u.: Ph r'-,oui, G.4U 4 •,a

Sulfur 0.040 max.

S Silicon, 0,?0-0.35

Chromium, 0.80. 1.15

Molybdenum, 0,30-0 40

Vanadium, 0.20-0 30
Iron Ba Iance

"Hardness indentations were made In vacuum (approximately
3XflO- Torat ai a series of successively higher temperatures
of 70"F, 500'F, 1000'F, 1500'F, 1800'F, and for soae materials,
20004F. After the test temperature had been reached, the
specimen was held at temperature for a eanilmum. of 10 minutes
to stabilize before Indentat i ons were made. The specimens
were cooled to near room temperature in vacuum, then removed
from the vacuum chamber for measurement of the indentations
in air.

The hot hardness test was used for this study because
it has certain advantages over most other mechanical property
tests:

I1. Specimens are smalll, simple, and easily prepared.

2. Many tests con be made on a single specimen.

; .. • . ...



3. Problems of obtaining uniaxial loadirg and uniform
temperature over a specimen are largely eliminated.

Although hardness has no fundamental reference standard
(such as pounds per square inch, as used for a tensile test),

I hot-hardness propert'es are of considerable value for pro-
v .iding screening data to predict the h'gh-temperature be-
havior of mater 4 als

The hot-hardness test apparatus is shown in Figure
The coldwall v-cuum chamber has an internal heater shown n
Figure 2 A sapphire indenter, shaped to a standad 136:
pyramid (Vickers or DPH) was applied to the specimett unoer
a 500-gram deadweight load inside the chamber The load
indenter assembly is shown in Figure 3. Load was applied

{i to the specimen for 15 seconds measured with an electrical
" timer. A pair of electrical contacts was mounted on the
balance arm and a bracket on the load assembly in such a
manner thzt they opened when the spec'men picked up the full
Iload on the ndente, This extinguished a smWall lght bulb
connected through the conta(ts to a 6-volt battery Tim~ng
was Started at tilat instant

ApvocapOn o* the load to the spe( -en was accomp1'shed

by means of a moto- and worT-gear d,.e by wh'ch the compo.ete
indenter system was lowe.•ed and raised The speed of the
drive was the same for each test and ensured a uniform,
sIow, sVoot, app& cat'On of the 1 oad

The spe(c era was woved ho , zntally 4of succest ve tests
at d4 ferent temperatures by means of the *Iture shown in
r1jgure I The rod was connected to the specimen holder er-
tended through 0-ring sea's In the S'de of the vacuum cham-
be" and was moved by turning a w.ngnut on the threaded end
of the vod

C!• The indenter wos also moved hoe z nta~l through an

arc by moving the po'nter on top of the vackojv ch- mbor which
".•.** ,rotated the shaft supporting the oad-,ndenter assembly

! .. This peemitted mak'ng several indentet'ons w'thout moving
the spec*meo

For 4post of te teits, f ve or "ore 'mdenta ton s were
made at each test temperature Or sowe materials, however,
the combinatlon of vacuum and :0e at teloperature coused
etching which made measure.emt of the indentat'ons diffi-cult or impossble When this otcu",ed. anrnther specien

of the same mater.al was prepared ,, ' rdentat ions were
seasured after testing at each tempoat4'e Subseauent
tests were always Fmade at higher test texpeatures

3
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Measurement of all indentations w7s dote 7t room tem-
perature in air Most measurements wer2 tnade or. a Vicker,
microhardness tester. However, some tere mave on a
metallograph tc provide special li ting for indentatioihs
otherwise difficult to measure.

The test specimens were I inc¢i ýly 3/8 inch by ýpproxi-
mately 1/16 4nch. For preparing te spe(imer surface for
hardness tests, each specimes, was moonted in Da*ei1te and
polished on a metallographic polish~ng w'eel with diamond
polishing compound. The mount vas then broken away from
the specimen.

A combination of automatic anA manuai control was used
to provide temperature control. A potontilrmeter-type auto-
matic temperature controller-recorder was set to bring the
specimen up to withi.i a few degrges of the desired tempera-
ture. A variable transformer in the ccntrol circuit was
then adjusted to provide the required amount of power to
bring the specimen to the desiecd temperature and hold it
tthere w~th a minimum of cycling. The thermocouple junction
was in the anvil supporting the specimen.

RESULTS AND PiISCUSSION

The test results show the effects of temperature on
hardness in a noragg-essivP environment on the metals tested.

The data show that seve-al of the refractory alloys
maintain a ýoqparat~vely high level of hardness up to 1800•F
or above On tne assumptn(;a that the hardness-strength
relationship at ambient temperature is rea1lstlc when tem-
perature vises, these all;ys appear promising for use in
gun barr I 1 iners provid•' other requirements are met.

The three alloys which showed the highest hot hardness
values at 1800"F are given below:

Su-16 Columbium-base alloy with li% tungsten, 3%
molybdenum, 2% hafnium, and 0.08% carbon; average hardness
at 1800'F, 320 DPH (approximately Rockwell C 32).

a- 1 11, or tantalum-W-Hf-C. Tantalum-base alloy with
9 6% tungsten, 2.43 hafnium, 0.01% carbon; average hardness
at 1800 0 F, 280 DPH (approximately Rockwell C 2?).

Ta-222 Tantalum-base alloy with 9% tungsten, 2.5%
hafnium, <0 0175% carbon; average hardness at 1800f,
240 DPH (approximately Rockwell C 21)

7



Some examples of the indentations produced are shown
in Figures 4 through 11. Figures 4, 5, and 6 are typical
indentations showing how the size increased with increas-
ing temoerature. Figure 7 shows the indentation made in
tantalum at 2200'F. The tantalum was only slightly etched
or discolored after testing to this temperature. The
center of the indentation is slightly out of focus because
of !he shallow depth of focus on the metallograph at this
magnification,

Because of YacuuP etching and heat effects, some in-
dentations were difficult or impossible to measure under
standard bright-field illumination. In many instances,
the indentation could be measured with dark-field illum-
ination on the metallograph. Figures 8, 10, and 11 are
photomicrographs taken with dark-field illumination.
Figure 9 was made with bright-field tllumination, but with
the aperature diaphragm off center to provide side lighting.

The hardness-versus-temperature plots of all tne ma-
terifls tested are given together in Figure 12 and individ-
ually In FIgures 13 through 24. Because chromium was much
harder at room temperature (DPH 940, Rcckwell C 68) than
apy of the other materials tested, the hardness coordinate
for chromium (Figure 13) and for the composite plot (Figure
12) i1 not the same as that used for the other materials
(Figures 14 through 24).

Although the hardness of the electroplated chromium
dropped quite rapidly with increasing temperature, it was
harder than any of the other matrials tested up to about
M.10'F (Figure 12) The hardnesi at• O i00 was 225 OPH,
(approximately Rockwefl C 18). Gun barrel bores are pres-
ently chromium-plated to reduce wear and extend barrel life.
Figure 9 shows a chromium deposit after testing at 1000"F.
it appeared about the same as it did at room temperature.
The crack pattern is normal and existed before any tests
were made at elevated temperatures. Figure 10 shows the
same specimen after testing at 1500'F. Dark-field illum-
'nation was used here to make the indentations more visible.
Three indentations can be seer, in this photograph. Figure
11 shatis chromium plate after testing at 1800'F (also with
dark-field illumination). The specimen showed considerable
spalling of the chromium and had many iridescent areas.
Spelling of the chromium plate was of interest In that it
occurred without applied stresses other then thermal effects.

. . . . . .
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U ~~HDT PA1DWS OF Cr-4Mo-V STEEL,CWEKIUM PLATE, AW~ SEVERAL kEFRACTMR MEALS

AM) ALU)YS

A 1. Chromtium2. Tungsten

67 3. Tantalum, 9W., 2. 51f, .01C67 d. Tantalum, 9.6vi,, 2.4if, .O1C
5. Molybdenum

64 OWb. Columbubhm, 11W, 314o, 2H!, .OeCt 15% red.Ep7. C-olumbium, 33Ta, lZr, annealed. R 39
S.~ Columbium, 33T3, lZr, annealed, R46j

11. Colubiu
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The hardness of tungsten (Flgure 14) dropped quickly
from approximately 500 OPH (RC 49j at room temperature to
275 OPH (R 27) at 5001F, but much less rapidly to 163
DPH, (beloi R 20) at 1800*F. Tungsten was harder than
any of the otier materials tested except chromium up to
about 1100"F and approximately equals the hardness of
Su-16, Ta-111, and Ta-222 refractory alloys at about 13001F.

These latter three alloys showed increases in hardness
with Incre••ing temperature after initially dropping in
hardness (Figures 15, 16, 18). The unalloyed metals gen-
erally showed a continuing downward trend In hardness with
increasing temperature although some regions existed in
which hardness was relatively constant.

/.. ~The chromium-molybdenum-vanadium steel used for gun
/ / barrels was harder than most of the refractory materials

(except tungsten) at room temperature and at 500*F. Above
5006F, however, the hardness dropped rapidly with increas-
trig temperature. Above 1000*F. it was softer than any of
the other materials except tantalum and columbium. At
18000 F, it was softer than even these two metals.

..... CONCLUSIONS

$ Several of the refractory alloys tested especially
the columbium-base alloy su-i6 ane the two tantalum-base
alloys Ta-1ll 6nd Ta-222 retained comparatively high levels
of hardness to 1O006F or higher. Provided other require-
ments are net, these alloys appear promising for high-
temperpture applications such as gun barrel liners.
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